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Abstract: We describe time-resolved measurements of the evolution of the 
spectrum of radiation emitted by an optically-pumped continuous-wave 
InGaAs-GaAs quantum well laser, recorded as lasing builds up from noise 
to steady state. We extract a fitting parameter corresponding to the gain 
dispersion of the parabolic spectrum equal to −79 ± 30 fs2 and −36 ± 6 fs2 
for a resonant and anti-resonant structure, respectively. Furthermore the 
recorded evolution of the spectrum allows for the calculation of an effective 
FWHM gain bandwidth for each structure, of 11 nm and 18 nm, 
respectively. 
©2014 Optical Society of America 
OCIS codes: (140.7090) Ultrafast lasers; (140.7260) Vertical cavity surface emitting lasers; 
(140.3430) Laser theory. 
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1. Introduction 
It has been shown over a long period that vertical-external-cavity surface-emitting 
semiconductor lasers (VECSELs) readily exhibit stable passive mode-locking under the 
influence of a semiconductor saturable absorber mirror (SESAM) [1,2]. Only relatively 
recently, however, have thermal management of the quantum well gain structure, and optical 
management of the intracavity pulse-shaping process, reached a level at which peak optical 
pulse powers in the kilowatt regime can be demonstrated [3,4]. The combination of intense 
femtosecond pulses with broadly tunable GHz repetition rates [5,6] may lend itself to a 
number of applications such as supercontinuum generation for frequency combs [7–9]. 
SESAMs [10,11] for these lasers must combine sufficient modulation depth and fast 
absorption recovery with a high damage threshold, negligible non-saturable loss and 
sufficiently low dispersion. To define the task for the SESAM, it is important to characterise 
the gain bandwidth of the VECSEL gain structure, which, together with the photon lifetime of 
the cavity, defines the amount by which the intracavity pulse is stretched each time it is 
amplified. Highly sensitive nonlinear reflectivity measurements of gain spectrum and 
saturation fluence have been reported for VECSEL structures using an external probe laser 
[12,13]. In these measurements, however, the gain spectrum was determined using a CW 
tunable laser in the small signal regime. We present a complementary technique, in which the 
evolution of the gain spectrum can be tracked through the process of gain saturation. 
After the onset of lasing the laser spectrum changes in shape over a period of 100 µs or 
more. During this process the photon population is slowly redistributed over the cavity modes, 
out of the wings and into the centre, in response to the spectral curvature of the gain. This 
slow dynamic narrowing is referred to as spectral condensation. 
Barnes et al. [14] employed a spectro-temporal approach to measure the evolution of the 
laser spectrum in the approach to the steady-state. An acousto-optic modulator (AOM) was 
used to gate the laser emission onto a spectrometer and thus allowed for the observation of the 
time-resolved spectral behaviour following the lasing onset. However, due to the response 
time of the AOM, this spectro-temporal technique had a low time resolution of 4 µs and was 
unable to acquire data for very early times, < 18 µs, after lasing onset. 
In this work we present a spectro-temporal technique that enables the observation of the 
spectral behaviour from within the first microsecond of lasing onset for ~100 µs with a time 
resolution of 32 ns. The transient spectral information is used to calculate the effective gain 
bandwidth of the VECSEL gain structures under operating conditions. Furthermore the high 
time resolution reduces averaging of the spectrum during the recording time window [14], and 
allows for the calculation of the gain dispersion. 
Our VECSEL use resonant periodic gain structures, with optically pumped quantum wells 
positioned at standing wave antinodes. The thickness of the window layer in the surface-
emitting gain structure determines the position of the Fabry-Perot resonance of the active 
region with respect to the gain wavelength [1]. Two common designs are the resonant and 
anti-resonant design; where the first enhances the gain at the design wavelength, whereas the 
latter is designed to have more gain for a broad range of wavelengths around the design 
wavelength. In this work we demonstrate our technique for both structure designs. 
2. Experimental methods 
A Z-shaped cavity is used to study the laser build-up characteristics of the gain samples as 
shown in Fig. 1. A 100-mm radius of curvature (RoC) high reflector (HR) was used to form 
the short arm of the cavity, whereas the long arm of the cavity consists of a 50-mm RoC HR 
and output coupler (OC) which were used as a folding mirror and cavity end mirror, 
respectively. The laser cavity length was about 28 cm. The output coupler had a transmission 
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of 0.3%. The gain structures were pumped with 1.5 W of power from a fibre-coupled 810-nm 
diode laser focused to a 60-µm radius pump spot. The gain samples were mounted on a 
temperature-controlled water-cooled copper heat sink. 
The gain samples investigated were 10-quantum-well InGaAs-GaAs VECSEL structures, 
a detailed description can be found in [3], which were designed by W. Stolz, grown by B. 
Kunert and processed by B. Heinen at NASP III/V, Marburg. The structures were attached by 
solid-liquid inter-diffusion bonding onto a diamond heat spreader before chemical etching to 
remove the substrate. The InGaP cap of the resonant sample was left with its original 
thickness of λ/2. The InGaP cap of the second sample was chemically etched to a thickness of 
1.25λ/4, a near anti-resonant design. To align the QW emission with the design wavelength 
the resonant sample and anti-resonant sample were held at 52°C and 20°C respectively. The 
anti-resonant sample has previously been used to generate pulses with 460-fs duration at 3.3 
W of average power [3]. 
To switch the laser on and off a mechanical chopper was positioned inside the cavity, to 
unblock and block the cavity mode at the focus in the long arm of the cavity, while 
maintaining constant pump conditions. The output of the laser was split by a 90:10 
beamsplitter (BS), and the small fraction deflected onto a fast photodiode to measure the 
intra-cavity power build-up behaviour, which was used to trigger the oscilloscope for all 
subsequent measurements. The remainder of the beam was then directed to a 1-m grating 
monochromator, with a resolution of 0.3 nm, where it was split into its wavelengths 
components. A photodiode following the exit slit was used to measure the spectrally-resolved 
intra-cavity power build-up. A stepper motor was used to step through the wavelengths 
measured by the photodiode, so that a power build-up measurement was obtained for each 
wavelength. In order to resolve the transient behaviour we used 1-GHz InGaAs 
photodetectors and a 200-MHz bandwidth oscilloscope with a risetime of 2.1 ns. The resulting 
time resolution was 32 ns, limited by digitization by the oscilloscope. 
 
Fig. 1. Schematic diagram of VECSEL and detection system. 
3. Results and discussion 
The individual spectrally resolved power build-up measurements were recorded for up to 100 
µs after lasing onset and then combined into a 2-d data array, Fig. 2(a), coupling the spectral 
and transient information. The time derivative of each column in the data array, divided by the 
signal level corresponds to the excess gain over cavity loss in each wavelength channel. Prior 
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to differentiation the individual traces were binomially smoothed to reduce spikes due to noise 
or digitization. A mask is applied to ignore intensity values two orders of magnitude lower 
than the maximum intensity so that dividing by very small numbers is avoided. The net gain 
was calculated by multiplying the gain per second by the cavity roundtrip time to obtain the 
net gain per roundtrip. Figure 2(b) shows the net gain spectrum computed in this way and 
Figs. 2(c) and (d) show the gain spectra at 25 µs and 50 µs, respectively. 
 
Fig. 2. Spectral evolution, a), and corresponding gain spectrum, b), of the resonant structure. c) 
& d) are extracted lines of the gain spectrum (red circles) at 25 µs and 50 µs after lasing onset, 
respectively, including the respective parabolic fits (black line). 
The gain spectrum at selected time delays is fitted to the relation G = B(ω-ω0)2 + C where 
B is the curvature of the parabola, ω0 the centre angular frequency and C the offset in the y-
direction. Figure 3 shows how each fitting parameter evolves over time. The offset in the y-
direction, C, rapidly goes towards zero as the power builds up and the gain saturates [Fig. 
3(a)], whereas the curvature, B [Fig. 3(b)], and the centre angular frequency, ω0 [Fig. 3(c)], of 
the gain spectrum remain almost constant over the entire time. The initial rise in the curvature 
of the gain spectrum is thought to be an artefact due to the signal rising above the noise floor. 
The spikes at later times, past 50 µs, correspond to increased fitting error that arises once 
spectral condensation has reduced the number of spectral data points. Figure 4 shows the 
resulting B parameter for the resonant (red) and anti-resonant (black) structure. 
The gain dispersion of the VECSEL, g//(ω), is related to the fit parameter by g//(ω) = 2B. 
The time-averaged values of B from the data of Fig. 4, excluding early times, correspond to 
gain dispersion values of d2g/dω2 = (−79 ± 30) fs2 and (−36 ± 6) fs2 for the resonant structure 
and anti-resonant structure, respectively. The spectrum of the resonant sample is narrower, so 
fewer data points are available to fit to in the wavelength dimension, and thus the resulting 
error is greater. 
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Fig. 3. Evolution of the fit parameters: a) the offset in the y-direction b) curvature of the 
parabola, and c) the centre angular frequency. 
 
Fig. 4. Evolution of the curvature, B, of the parabolic fits to the gain spectrum for the resonant 
(red) and anti-resonant (black) structure. 
In order to extract an effective half-width half-maximum gain bandwidth, Ωg, for both 
samples we apply the method described in Barnes et al.’s [14] work based on an analytical 
model that Ωg = (1/(τc dA/dt) where τc is the cavity photon lifetime. The quantity A is defined 
by A = 1/(2µ2), where µ2 is the spectral variance of the spectrum at generation time t. The 
variation of A with time, derived from data as shown in Fig. 2 for the anti-resonant and 
resonant structures, is plotted in Figs. 5(a) and (b) and exhibits the expected linear evolution. 
The slope of a straight line fit to the data is used to provide dA/dt. 
The cavity photon lifetime, τc = 0.43 µs, is obtained using a method which involves 
deconvolution of the photoluminescence (PL) transient from the intra-cavity laser power 
transient [15]. We use this instead of the Findlay-Clay method, as the Findlay-Clay method 
assumes that the laser gain transition is represented by a 4-level system, and that the output 
coupler can be changed with no other effect on cavity alignment, which we believe is unlikely 
to be true in the case of these low-gain lasers. The transient PL analysis, by contrast, is 
measured on the identical cavity used for the spectral measurement, and assumes only that 
spontaneous emission dominates over defect and Auger recombination [16]. 
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Fig. 5. Evolution of A = 1/(2µ2) with generation time for a) the anti-resonant and b) resonant 
sample. The red (dashed) line is a straight line fit with a slope of 9.72x10−21 s/rad2 and 
2.26x10−20 s/rad2, respectively. 
The calculated values of effective full-width half-maximum (FWHM) gain bandwidth for 
the resonant structure and the anti-resonant structure are 11 nm and 18 nm, respectively. The 
FWHM of 18 nm reported here is narrow compared to previously published values of around 
30 nm for anti-resonant structures capable of sub-ps pulse duration generation [13,14]. 
However these experiments were either performed with high pump densities of up to 740 
MW/m2 or with unprocessed gain structures, raising the active region temperature. The anti-
resonant structure studied here has, indeed, been used to generate sub-ps pulses under high 
power pumping conditions [3]. At higher pump powers an instability appeared preventing the 
observation of a single smooth transient. The origin of this is still under investigation. 
We infer, in this low power pumping experiment (133MW/m2), that the intrinsic gain 
bandwidth of the quantum wells, of about 15 nm, was the limiting factor. The filter induced 
by the longitudinal confinement factor decreased (increased) the overall gain bandwidth for 
the resonant (anti-resonant) structure measurably, 3-4 nm, but not dramatically. Mode-locked 
VECSELs appear to generate the shortest pulses when pumped close to rollover to maximise 
the intrinsic gain bandwidth. Wilcox et al. have described such a laser, with the same gain 
structures, where the pulse duration decreased with increasing pump power from a 530-fs 
pulse duration with a pump power density of 325 MW/m2 to 400 fs at 630 MW/m2 [3]. 
4. Conclusion 
In conclusion we observed that the gain dispersion remained constant as the population 
inversion saturated in the approach to steady state. The gain dispersion for the investigated 
structures, a resonant and an anti-resonant structure, were found to be −79 ± 30 fs2 and −36 ± 
6 fs2 with an effective FWHM bandwidth of about 11 and 18 nm, respectively. The relatively 
small difference between the two samples is attributed to the low intrinsic gain bandwidth of 
the quantum wells, due to the low pump power used, suggesting that femtosecond pulse 
durations demonstrated using structures of this type are probably achieved by the broad 
intrinsic gain profile that develops close to rollover. The presented method and obtained 
results will not only enable better sample characterisation and design of VECSELs for sub 
400-fs pulse durations at multi-watt level average powers, but also allow for the observation 
of semiconductor laser build-up dynamics in the class-A regime. 
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